Most children with acute lymphoblastic leukemia (ALL) receive blood transfusions. Transfusions may affect ALL outcomes through transfusion-related immunomodulation (TRIM).
Background
Most children with acute lymphoblastic leukemia (ALL) receive blood transfusions. Transfusions may affect ALL outcomes through transfusion-related immunomodulation (TRIM).
Methods
We analyzed overall survival (OS) and event-free survival (EFS) in relation to leukocyte reduced and irradiated (LR/IRR) blood products transfused during the induction phase in 136 children with ALL. Hazard ratios (HRs) for death and relapse were estimated through Cox regression analysis.
Results
One hundred and twenty patients (89%) were transfused with packed red blood cells (PRBCs) and 79 (58%) with single donor platelets (SDPs). The median number of transfusions was 2 (interquartile range [IQR]=1-3 events) and 1 (IQR=0-3 events) for PRBCs and SDPs, respectively. Patients who had white blood cell (WBC) count ＞50,000×10
INTRODUCTION
Allogeneic blood transfusion exposes the recipient to a wide variety of soluble and cell-mediated alloantigens, cytokines, and other cellular components; therefore, it can be considered as a form of allogeneic transplantation. Allogeneic blood transfusions are associated with immune-related effects in the form of allo-immunization or immune suppression [1] . This complex interaction between the transfused component and the host immune system is known as the transfusion-related immunomodulation (TRIM). TRIM was originally identified to produce a beneficial effect in patients by increasing renal allograft survival [2] . However, the TRIM effect was later associated with tumor growth, bacterial infection, postoperative mortality, and organ dysfunction [3, 4] .
The exact mechanism of TRIM is poorly identified in the literature, but its immunomodulation could be a result of inhibition of immunologic effector cells or stimulation of suppressor cells [1] . Some of the possible effects include downregulation of the immune function by decreasing cytokine production, mitogen response, T helper cells, natural killer cells, lymphocyte numbers, cell-mediated cytotoxicity, and an increase in T suppressor cell number and function [5] .
Cancer continues to be one of the major indications for blood transfusion [6] , and children with acute lymphoblastic leukemia (ALL) are no exception. Previous studies have demonstrated that most children with ALL require blood transfusions during therapy, mainly during the induction period [7, 8] . It has been proposed that TRIM effects during this critical induction phase might adversely contribute to ALL patient outcomes through immune suppression. Two previous pediatric studies reporting the TRIM effect in ALL patients produced conflicting results [7, 8] . Early work by Freiberg et al. [7] suggested that TRIM is unlikely in childhood ALL and that the poor outcome associated with transfusions is likely a secondary affect due to disease severity and reduction in chemotherapy doses. In contrast, JaimePérez et al. [8] suggested that TRIM represents an independent adverse prognostic factor in childhood ALL. The blood products used by Jaime-Pérez et al. [8] were leukocyte reduced only, but were both leukocyte reduced and irradiated in the study by Freiberg et al. [7] .
Children with ALL are severely immunosuppressed during the intensive induction phase of therapy, during which they receive the majority of blood product transfusions. Additional immune suppression during this critical period might alter their clinical outcome by decreasing the ability of the patient's immune system to eradicate residual leukemic clones. The aim of our study was to determine associations between irradiated and leukocyte-reduced blood products administered during the intensive induction phase of therapy and clinical outcome in children with ALL. 
MATERIALS AND METHODS

Study design
Treatment and response
The treatment protocol and response assessment method have been previously published [9] . The treatment protocol consisted of a combination of the St. Jude Children's Research Hospital Total XIII and Total XV ALL protocols. The 6-week induction phase was similar for all patients and was composed of 7 drugs (prednisolone, vincristine, daunorubicin, 6-mercaptopurine, cyclophosphamide, cytarabine, and L-asparaginase). Patients subsequently undertook an 8-week consolidation phase followed by continuation therapy on 3 separate regimens. The total duration of treatment for all risk groups was 2.5 years for females and 3 years for males. Treatment response was assessed by minimal residual disease (MRD) and morphology on day 15 and at the end of the induction period. A MRD panel was selected according to the patient's previously determined immunophenotype. The following monoclonal antibody combinations, CD10/CD19/ CD45/CD34 and CD20/CD45/CD19, were used to immunophenotype each patient's marrow sample and the combination of CD33/CD13/CD45/CD19 was utilized, if the patient's leukemic cells previously expressed a myeloid marker. CD45 and side-scatter were used for gating strategy. The result was reported negative, if ＜0.01% of cells stained positive for the markers, and positive results were reported as a percentage of the total population of cells collected. MRD evaluation was performed on day 15 of induction and was repeated on completion of the induction period.
Transfusion events
The number, frequency, time, and type of any blood product transfusion and its preparation method were captured for all patients through electronic laboratory database. The transfusion of packed red blood cells (PRBCs), single donor platelets collected by apheresis (SDPs), or fresh frozen plasma (FFP) of 10-15 mL/kg was considered as a transfusion event.
Other transfusion events such as cryoprecipitate or blood-derived platelet concentrate were negligible and not considered for analysis. The transfusion decisions were based on the treating physicians' clinical judgment and guided by universal transfusion guidelines. All blood products were leukocyte reduced (achieving leukocyte numbers well below 5×10 5 ) and irradiated with 2,500 cGy for 3-5 minutes.
Statistical analysis
Demographic and clinical characteristics were presented as means, medians, and ranges for continuous variables, or frequencies and percentages for categorical variables. The relationships between known adverse prognostic features and the transfusion requirements during induction were determined by using logistic regression analysis. Events considered for survival analysis were relapse, death from any cause, or secondary cancer. Hazard ratios (HRs) for death and events were estimated through uni-and multivariate Cox regression analysis. Overall survival (OS) and event-free-survival (EFS) curves were presented using the Kaplan-Meier method. Comparisons between OS and EFS curves were performed using the Log rank test. A two-sided P value of ≤0.05 was considered statistically significant. All analyses were carried out using SPSS for Windows v.16.0 (SPSS Inc., Chicago, IL, USA).
RESULTS
General characteristics
During the study period, 136 patients were analyzed with a median age of 5 years (range, 0-18 years). There were 80 (59%) males and 56 (41%) females. One hundred and twenty one (89%) had pre-B ALL and 15 (11%) had T cell ALL. The major clinical characteristics of this cohort are summarized in Table 1 . After a median follow-up of 35.5 months (range, 2-54), the estimated 4-year EFS and OS were 67% and 87%, respectively.
Transfusions during induction
During the critical induction period of chemotherapy 121 (89%) patients were transfused with PRBCs, 79 (58%) with SDPs, and 15 (11%) with FFP. The median number of PRBC and SDP transfusions for each was 2 (mean, 2; range, 0-21) and 1 (mean, 2; range, 0-25), respectively. /L independently predicted a need for ＞3 transfusions during induction period (P=0.01).
Transfusions and adverse prognostic features
Transfusions and adverse outcome
In univariate analysis, PRBC, SDP, and FFP transfusions did not have any significant association with adverse outcome, as summarized in Table 2 . For PRBC, the HRs for EFS and OS were 1.02 (95% CI, 0.85-1.24, P =0. 76) and 1.03 (95% CI, 0.83-1.27, P =0.76), respectively. For SDP, the HR was 1.03 (95% CI, 0.90-1.18, P=0.64) and 0.98 (95% CI: 0.80-1.20, P =0.87) for EFS and OS, respectively. When analyzing the influence of the absolute number of transfused blood products on survival, patients who received ＜3 units (less than the median) had a 4-year EFS rate of 71% (SE=0.12), whereas those who received ＞3 units had a 4-year EFS rate of 50% (SE=0.16) (P =0.12) (Fig. 1) . When considering OS, patients who received ＜3 units had a 4-year OS rate of 88% (SE=0.05), whereas those who received ＞3 units had a 4-year OS of 85% (SE=0.05) (P =0.19) (Fig. 2) .
Other known prognostic factors in childhood ALL were examined in univariate and multivariate analyses (Table 3) . T cell phenotype, high NCI risk group, age ＞10 years, and Abbreviations: NCI, National Cancer Institute; WBC, white blood cell; MRD, minimal residual disease. positive MRD status at completion of induction were significantly predictive of poor EFS. T cell phenotype, high NCI risk group, and age ＞10 years were significantly predictive of poor OS. The number of transfusion events itself during induction phase did not predict MRD status at the end of induction (P =0.41).
When we analyzed the number of transfusions from diagnosis till 1 month before the adverse event, transfusions also failed to show any prognostic effect on clinical outcome of childhood ALL. For example, for the combined transfusions, the HR for EFS and OS were 0.99 (95% CI, 0.95-1.03; P =0.77) and 0.97 (95% CI, 0.92-1.03; P =0.39), respectively.
After analyzing events of transfusions till just before relapse or death, we found that transfusion events were predictive of EFS and OS (HR, 1.04; 95% CI, 1.01-1.07; P =0.003) and (HR, 1.04; 95% CI, 1.01-1.07, P =0.004), respectively.
DISCUSSION
The possible beneficial effect of TRIM was initially reported in renal transplantation studies, where it was suggested to improve renal graft survival [2] . Later, the adverse effects of TRIM were studied and shown to contribute to cancer growth, infections, and postoperative mortality [3, 4] . The association between TRIM and cancer progression was first reported in colon cancer by Lewis Burrows and Paul Tartter in 1982 [10] , and subsequently in other cancer types, including breast cancer [11] , head and neck cancer [12] , lung cancer [13] , soft tissue cancer [14] , stomach cancer [15] , and adult leukemia [16] . Although the effect of TRIM has been reproduced in multiple retrospective studies, a few randomized controlled trials have failed to establish the same [17] [18] [19] . It is not ethical to perform randomized trials where patients are randomly allocated to either never or always receive blood transfusions. However, it is possible to prospectively randomize patients who have received transfusions consisting of different blood products (i.e. leukoreduced vs. non-leukoreduced). The 3 previous randomized trials included patients undergoing colorectal cancer resection, and the findings were combined into 2 meta-analyses [20, 21] . In the first meta-analysis, the summary odds ratio (OR), averaged across the 3 studies, of cancer recurrence in the allogeneic transfusion group compared to the control group, was 1.04 (95% CI, 0.81-1.35; P ＞0.05) [20] . In the second meta-analysis, the summary OR of death due to cancer recurrence was 0.98 (95% CI, 0.76-1.26; P ＞0.05.) [21] . In contrast, experimental animal models strongly suggest a tumor-promoting effect and showed that such an effect can be reduced by depletion of leukocytes from the blood transfusion product [22] . Cancer patients, including children with ALL, are major consumers of different blood products during their treatment, particularly in the induction phase [7, 8] . The induction period is critical in ALL therapy, and any additional immune suppression could adversely affect patient outcome.
The early work on TRIM in childhood ALL was performed by Freiberg et al. [7] . They retrospectively analyzed 358 children with ALL from 1984 to 1988. Almost all children required blood transfusions, mainly during induction. Since all patients in the study who received ＞50 units had poor outcome, the number of units was predictive of poor outcome in multivariate analysis. When those patients were excluded from the analysis, the number of units was only predictive in univariate analysis. The authors concluded that the high number of transfusions was an epiphenomenon that reflected other factors (like disease severity and chemotherapy reduction), and that a TRIM effect in these patients was unlikely.
Recently, Jaime-Pérez et al. [8] published their results regarding TRIM effects in childhood ALL. They retrospectively studied 108 children with ALL diagnosed between 2000 and 2009 for possible TRIM. Around 90% of patients were transfused, predominantly during the induction phase of therapy. In multivariate analysis, transfusion of ＞5 units of PRBCs was predictive of death and relapse (P=0.003 and 0.01, respectively). For whole blood-derived platelets concentrate (PC), maximum effect on death was seen with ＞30 transfused units (P =0.001). Even after the exclusion of outliers, data still supported a TRIM effect. The authors concluded that TRIM effect may be an independent prognostic factor in children with ALL.
One of the explanations of the discrepancy between the previous 2 studies might be the preparation method. The blood products in the study by Freiberg et al. [7] were leukocyte reduced and irradiated, whereas only leukocyte-reduced products were used in the study by Jaime-Pérez et al [8] .
Irradiation might prevent mononuclear cell proliferation, which is necessary for transfusion-associated microchimerism (TA-MC). TA-MC occurs in severely injured patients. Such patients develop massive inflammatory response leading to immune suppression, and transfused blood products with replication-competent leukocytes can lead to TA-MC [11] . During the intensive induction phase of therapy for children with ALL, a similar effect may happen with blood transfusion. Jaime-Pérez et al. [8] suggested that a TA-MC phenomenon in combination with TRIM might explain the reduced survival of ALL patients receiving blood transfusions; however, this suggestion lacks strong evidence and remains as a hypothesis. The other possible explanation for the discrepancy in these 2 studies might be the study design itself, as the significance of the results can vary dramatically depending on the inclusion period of the study. Analysis of all events of transfusions till just before relapse or death showed that PRBC events were predictive of EFS and OS in univariate and multivariate analysis. This is easy to explain, since the majority of patients with undiagnosed relapse present with marrow suppression, and most require transfusions as a result of relapse rather than being a cause of it.
In our study, we failed to show any independent effect of blood transfusions during the induction period on the clinical outcome of childhood ALL. The most critical period of immune suppression that could theoretically affect outcome is during the intensive induction phase. The detailed analysis of different types of transfusion events during the induction phase failed to show any independent adverse effect on outcomes. It is important to note that the role of irradiation in eliminating such TRIM effects, as proposed by Jaime-Pérez et al. [8] , could not be assessed in our cohort since irradiation is universally performed for all cellular blood products at our institution.
Our study had 4 major limitations. First, because of the retrospective design, a cause and effect relationship could not be proven. Second, medical charts have limited information that prevents assessment of additional important confounders, such as undocumented delay, reduction in chemotherapy, or patient compliance. Third, the transfusion decision was not standardized but depended on the medical judgment of the treating physician; this may represent a possible source of bias. Fourth, our data analysis did not consider the age of blood products transfused; this factor has been suggested to have a tumor-promoting effect [23] .
In summary, our study examined the possibility of TRIM effects in childhood ALL. Our data showed that most children are exposed to blood products during the induction phase of their treatment, but without any adverse effect on clinical outcome (induction failure, relapse, or death). Patients with high-risk characteristics were more likely to receive transfusion, which could be due to disease severity and therapy intensity. The impact of special treatment of the blood products, such as leukocyte reduction and irradiation, on patient outcome could not be assessed in this cohort since these preparations were standardized for all transfusions at our center. Given the limitations of our current retrospective study, this lack of TRIM effect in children with ALL should be further validated in a prospective manner.
